The influence of climate variability on the diversity and distribution patterns of zooplankton communities was investigated in the Mondego estuary (Portugal) during four consecutive years characterized by highly variable precipitation and, consequently, river flow regime. Monthly samples were collected along the estuarine gradient at five sampling stations. Seasonal, inter-annual and spatial distributions were evaluated by multivariate analyses and three diversity indices were applied (Species number, Shannon Diversity and Average Taxonomic Distinctness). A two-year drought period presented significant differences in salinity values, especially in 2005 (extreme drought event). During the study period, copepoda was the main dominant group and Acartia tonsa the most abundant species, with the exception of autumn 2006, where high abundances of the cladoceran Penilia avirostris were noticed. Multivariate analysis indicated that zooplankton communities changed from a pre-to a post-drought period indicating the influence of hydrological parameters in communities' structure. The dry period was associated with an increase in zooplankton density, a reduction in seasonality and higher abundance and prevalence of marine species throughout the year. Seasonally, winter/spring communities were distinct from those in summer/autumn. Spatially, salinity-associated differences between upstream and downstream communities were reduced during the drought years, but during the post-drought year, these differences were detected again.
Introduction
Under the influence of a variety of inter-related biotic and abiotic structural components and intensive chemical, physical and biological processes, estuaries are highly variable systems. Calbet et al. (2001) and Valdé s et al. (2007) have shown how estuarine variability is reflected in the dynamics of the biological populations, particularly planktonic ones. Zooplankton modulates carbon-flow processes through their interactions with higher and lower trophic levels both within the water column and within the benthic community (Isari et al., 2007) . Their distribution is affected by both abiotic (David et al., 2005; Marques et al., 2007a, b) and biotic parameters (e.g. predation, competition) (Isari et al., 2007) . A range of studies have highlighted how plankton (and particularly zooplankton) might be an important indicator of change in marine systems (e.g. Chiba and Saino, 2003; Molinero et al., 2005) and several features point out plankton as particularly good indicators of climate change (e.g. not commercially exploited, short-lived) (Taylor et al., 2002) .
In recent years, several studies have focused on the zooplankton communities of the southern arm of the Mondego estuary (e.g. Azeiteiro et al., 1999 Azeiteiro et al., , 2000 Vieira et al., 2003) and also on the northern arm (e.g. Marques et al., 2006 Marques et al., , 2007a . Salinity and temperature are the main factors influencing zooplankton distribution, which is thus directly influenced by freshwater inputs (Marques et al., 2006) . Hydrological parameters are directly influenced by climatic variations and advection is one of the key mechanism explaining zooplankton distribution and abundance (Kimmerer, 2002) . Fluvial contributions are variable because they reflect the seasons as well as the instability of the precipitation regime (Lam-Hoai et al., 2006) . Differences in precipitation regimes have been recorded in Portugal with values 45-60% below average in hydrological year (from October to September) 2004/2005 and normal/regular precipitation values in 2003 and 2006 (http: //web. meteo.pt/pt/clima/clima.jsp). Thus, this period provides a good opportunity to investigate zooplankton ecology over a wide range of precipitation. This study attempts to describe the influence of rainfall on the distribution of planktonic communities' in a southern European estuary.
Materials and methods

Study area
The Mondego estuary, located on the Atlantic coast of Portugal (40 08 0 N, 8 50 0 W), consists of two arms, northern and southern, separated by Murraceira Island (Fig. 1 ). The two arms exhibit different hydrological characteristics: the north arm is deeper (4-8 m at high tide) has lower residence times (<1 day) and constitutes the main navigation channel, while the south arm is shallower (2-4 m deep, at high tide) has higher residence times (2-8 days) and is almost silted up in the upper areas, forcing most of the freshwater discharge through the northern arm. In the southern arm, water circulation is mostly due to tides and the freshwater input from a small tributary, the Pranto River. Freshwater discharge of this river is small and artificially regulated by a sluice according to the irrigation needs of the Mondego valley rice fields. Environmental factors in the Mondego estuary provide a large variety of aquatic habitats for populations of marine, brackish and freshwater plankton species (Azeiteiro et al., 1999; Marques et al., 2006) , mainly due to salinity and water temperature gradients.
Sample collection and analysis
Zooplankton was collected monthly in the Mondego estuary from January 2003 to December 2006, during high tide, at five stations distributed throughout both arms (Fig. 1 ). Samples were collected by horizontal subsurface tows (bongo net: mesh size 335 mm, mouth diameter: 0.5 m), equipped with a Hydro-Bios flow meter and preserved in a 4% buffered formaldehyde seawater solution. Additionally, at each station, water temperature ( C) and salinity were measured. Zooplankton samples were brought to the lab and split into random sub-samples for counting (individuals m À3 ).
Monthly precipitation values were measured at the Soure 13 F/ 01G station and acquired from INAG -Instituto da Á gua (www. snirh.inag.pt) and freshwater discharge from Mondego River was obtained from INAG station Açude Ponte Coimbra 12G/01AE. Seasonal and inter-annual variability was studied and differences tested using Analysis of Variance (ANOVA) both for zooplankton and environmental parameters.
Spatial and temporal patterns in community structure were examined by multivariate techniques using PRIMER software package (version 5.2.6, PRIMER-E Ltd.) (Clarke and Warwick, 2001) . Species abundance data were fourth-root-transformed to balance the contributions from the few very abundant species with the many rare species (Clarke and Warwick, 2001) . Bray-Curtis similarity was used to construct a similarity matrix which made-up the basis for a 2-D ordination plot using the non-metric multidimensional scaling (NMDS). Samples were grouped in years, seasons and sampling stations and differences tested by a one-way ANOSIM test (Clarke and Warwick, 2001) .
Three biodiversity indices were calculated for each sample: number of species, the Shannon Diversity Index (log2) (H 0 ) and the Average Taxonomic Distinctness Index (Delta*). Delta* reflects the taxonomic spread of species among samples and is based in the taxonomic distances between every pair of individuals. This index removes the effect of dominant species and reflects more purely the taxonomic hierarchy. High Delta* values (maximum 100) reflect high taxonomic diversity in the assemblage (Clarke and Warwick, 2001) . For each diversity index, differences between seasons were tested using a one-way ANOVA (the Newman-Keuls post-hoc test) or the Kruskal-Wallis ANOVA (the Dunn post-hoc test).
Results
Environmental parameters
In the Mondego estuary a clear seasonal pattern of rainfall and freshwater discharge was observed during the four-year period, with the highest values observed in winter ( Fig. 2A) . ). However, November seemed to be the month with highest mean total abundance for all the sampling years followed by June which represented another abundance peak (Fig. 3) A total of 109 species were identified, copepoda being the most abundant zooplankton group (75% of total abundance), followed by cladocerans (15%) and gelatinous organisms (Hydrozoa and Thaliacea: 4%). Despite the highly variable temporal pattern displayed by zooplankton community as a whole, which tended to mask any clear seasonal sign, this seasonality became more evident when looking at the main zooplankton groups separately (Fig. 3 ). Copepods had a more variable pattern but seemed to exhibit a peak between March and June and another around November, while gelatinous organisms showed a single peak between March and June. In contrast, cladocerans showed higher mean abundances in the September-November period. Nevertheless, in 2003, a peak was also observed in March and May. The highest cladocera abundance was recorded in autumn 2006.
The species accounting for more than 1% of the mean total abundance for each period are listed in Table 1 . Copepod species assemblage was similar among seasons: Acartia tonsa and Acartia clausi being the most abundant in all seasons. Acartia tonsa showed highest abundances during the winter and A. clausi during summer. Diaptomus castor and Acanthocyclops robustus were other copepod species with high abundances during the winter and spring while Temora longicornis had maximum values during the summer and autumn seasons. Daphnia longispina was the most abundant freshwater cladoceran, especially during winter and spring. Podon polyphemoides and Evadne nordmanni abundances increased during 
Diversity measures
Diversity indices varied distinctly along the estuary during the four years (Fig. 4) Spatial differences can be seen both in MDS ordination (Fig. 6 ) and in ANOSIM analysis results. Stations M, S1 and N1 formed a relatively tight cluster (>50% similarity) generally separated from 
Discussion
The drought period of 2004/2005 was the most severe recorded in Portugal during the recent decades (http://web.meteo.pt/pt/ clima/clima.jsp) affecting annual freshwater input into the ecosystem. This allowed the comparison of population fluctuations during the pre-and post-drought period. The drought period was characterized by low freshwater inflow and higher salinities, mainly in 2005. Pre-and post-drought periods differed especially in inflow since in 2006 water reservoirs were at the minimum of their capacity and, as consequence, discharges were small.
Influence of climate variability in zooplankton community
In the Mondego, as in other areas, copepods constitute the most important component of mesozooplankton. Acartia tonsa was the most abundant taxon in the estuary, dominating the majority of the samples and always a significant component of the community, as found by Azeiteiro et al. (1999) and Marques et al. (2006) . According to Ianora (1998) , this species find a winter benefit from the early phytoplankton bloom in terms of reproductive performance, since its annual peak in egg production rate occurs in February, increasing numbers of juveniles and adults in spring. It hatches from resting eggs in the sediments when temperatures exceed 15 C and due to its sensitivity to temperature one might predict an increased period of dominance of A. tonsa in response to warmer winters or earlier springs (Sullivan et al., 2007) .
Multivariate analyses found winter and spring communities to be distinct from those of summer/autumn, and are characterized by a higher presence of freshwater species, including Diaptomus castor, Acanthocyclops robustus, and Daphnia longispina. Their abundance was higher in pre-and post-drought periods since during higher river flow organisms are advected from upstream to the estuary by the freshwater flux (Marques et al., 2006 average allowed the constitution of a community marked by the presence of freshwater species of copepods and cladocerans during winter and autumn. This abundance of freshwater cladocerans has also been observed in other estuaries with significant freshwater influence (Tackx et al., 2004) . In summer, copepods were dominated by Acartia clausi and Acartia tonsa, and gelatinous organisms are present in higher abundances. During the dry years of 2004 and 2005 the community changed. Copepod dominance increased, as a consequence of higher abundances of Acartia tonsa and Acartia clausi. Adult Acartia congeners have distinct seasonal and spatial distribution patterns but nauplii of all species survive well at higher salinities (Chinnery and Williams, 2004) . During drought periods seasonality became less obvious. Copepod species including Temora longicornis and Paracalanus parvus increased in abundance, as did the marine cladocerans Podon polyphemoides, Podon leuckarti and Evadne nordmanni. Additionally, the presence of gelatinous organisms was reduced but became more constant throughout the year. This higher abundance and prevalence of marine species through the year were a result of the higher salinities observed during this period as a consequence of reduced river flow.
The pre-and post-drought periods also presented differences. The post-drought period (2006) community was characterized by a higher abundance of copepods, including Diaptomus castor, Acartia tonsa and Acartia clausi, mainly in the winter and spring. On the other hand, in spring and winter of 2003 the cladoceran Daphnia longispina was more abundant than in 2006. The pre-and post-drought periods also differed in their summer community mainly in Siphonophora species. In autumn 2006, the samples were dominated by marine cladocerans, principally Penilia avirostris. This species was an important component of the zooplankton community of many tropical, subtropical and temperate waters (Rose et al., 2004) , although recently it has spread to higher latitudes (e.g. the North Sea, Johns et al., 2005) . In temperate regions, this species occurs seasonally and are most abundant in summer (Calbet et al., 2001) . These organisms constitute a major component of the zooplankton during the periods of high abundance (e.g. Calbet et al., 2001; Ramfos et al., 2006; Mercado et al., 2007) . Peaks of high abundance are reached by their ability of change from gamogenic to parthenogenetic reproduction (Atienza et al., 2007) . It seems that this temporal occurrence is mainly related to the availability of their adequate food. Penilia avirostris ingests a wide spectrum of (Katechakis et al., 2004) .
Any effects of the drought period on species spatial distributions are not so clear. Differences were mainly detected in the south arm between downstream (M, S1) and upstream sampling station S2. Downstream, marine zooplankton species tend to become more important because of the higher influence of saline waters while at the upstream stations freshwater influence from the Mondego and the Pranto rivers is predominant. In 2003/2004, communities presented salinity-related differences between upstream (N2, S2) and downstream (M, N1, S1) stations, however, in 2005 (during the drought), this did not happen. During the dry year 2005, river flow was at a minimum allowing a more pronounced intrusion of saline waters and decreasing salinity differences between upstream and downstream stations. In the post-drought period this distinction was again detected in the north arm upstream community sampled at station N2. The lower residence and stronger daily changes in salinity at this station can explain this faster recovery.
Influence of climate variability in diversity
As a consequence of community variability, diversity indices also differed. Seasonally, summer samples presented higher diversity. The low freshwater flow from the Mondego River during these periods allowed a major penetration of seawater and a replacement of the freshwater community by marine species in the most upstream sections of the estuary resulting in higher zooplankton diversity. In almost all estuaries, the greatest species diversity occurs near the mouth (lower reach) since that diversity is enhanced through exchanges between the opportunistic estuarine communities and coastal zooplankton, characterized by the presence of large consumers (chaetognaths, copepods, veligers) (LamHoai et al., 2006) . The dry year 2004 showed lower diversity and Average Taxonomic Distinctness mainly in downstream stations. This lower diversity was probably due to dominance of copepods and especially of the estuarine species Acartia tonsa. Also, it has been hypothesized that a decrease in average taxonomic distinctness may be related to either an increase in environmental constraints which act as niche filters or to a local heterogeneity loss in terms of habitat and resource allowing the survival of only some closely related species with particular common biological attributes (Miranda et al., 2005) . Conversely, high habitat heterogeneity and environmental conditions promote higher diversity levels because this enhances the coexistence of either taxonomically diverse species with contrasting ecological requirements or ecologically similar, congeneric species being either adapted to slightly different niches or able to avoid direct competition (Miranda et al., 2005) .
Conclusions
In summary, variation in the hydrology pattern in the Mondego estuary induced changes in salinity and temperature, affecting zooplankton dynamics. Dry years resulted in an increase in zooplankton density, especially for Acartia tonsa and Acartia clausi and were characterised by a lack of seasonality and a higher abundance and prevalence of marine species along the year. Salinity differences, particularly in the drought year 2005, also affected spatial distribution of zooplankton species, decreasing differences between upstream and downstream communities. Despite all these changes in community structure, drought periods seem not to have affected diversity to a large extent, except for a decrease in taxonomic diversity in the initial phase. Understanding how hydrological shifts affect communities can reveal the importance of the ecological role played by climate change events on the structure of zooplankton communities (Marques et al., 2007a) , demonstrating the importance of this type of studies. Fig. 5 . Two-dimensional non-metric MDS ordination plot of zooplankton abundance during the sampling period. MDS plots were based on triangular matrices of BrayCurtis similarities using fourth-root-transformed species abundance data. w, winter; s, spring; sm, summer; and a, autumn. Stress 0.15. Dashed lines group samples with more than 60% similarity. Fig. 6 . Two-dimensional non-metric MDS ordination plot of zooplankton abundance during the sampling period in each sampling station. MDS plots were based on triangular matrices of Bray-Curtis similarities using fourth-root-transformed species mean annual abundance data (M, mouth station; S1 and S2, southern arm stations; N1 and N2, northern arm stations). Stress 0.11. Dashed lines group samples with more than 50% similarity.
